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1. INTRODUCTION 
The control of f issi le m a t e r i a l flow during the whole cycle of r e a c t o r fuel 
i s becoming a ser ious problem from safety and fuel management points of 
view, because of the l a rge expansion of the nuc lear indus t ry in the n e a r fu­
t u r e . At p resen t , s e v e r a l groups around the world a r e executing r e s e a r c h 
and development work in this field. 
Control sys t ems have been proposed by s eve ra l control author i t ies and r e 
s e a r c h t e ams . The common goal is to es tabl i sh an effec 
tive control sys t em with the min imum burden on r e a c t o r economy. 
An impor tan t component of any control sys t em is the nondestruct ive m e a ­
su remen t of f resh fuel in the form of r e a c t o r fuel p ins , subassembly , and 
e l emen t s . In this paper we invest igate a method for m e a s u r i n g the contents 
of f iss i le m a t e r i a l s (Pu239, U235) of (Pu­U) fuels used in fast b r e e d e r r e a c ­
t o r s , and light water r e a c t o r s (Pu ­ r ecyc l e ) . This type of fuel is cons idered 
to be of high value for economic and safeguard r e a s o n s . 
2. METHOD 
The method is based on the m e a s u r e m e n t of prompt and delayed neutron 
yields of neutron induced f i ss ions . Obviously, the sensi t ivi ty of the method 
is sufficient only if the isotopes to be de te rmined exhibit grea t differences 
in the ra t ios of the prompt to delayed neutron yields pe r f ission. As it con­
ce rns the two isotopes of highest i n t e re s t , U235 and Pu239, the si tuation is 
quite favourable in this r e spec t because the delayed neutron fraction of U235 
(β ) i s about th ree t imes g r e a t e r than the one of Pu239 (ß Q ) ; (β ,­1*· 0065, 
^=0 .0021) . 
In the case of f resh r eac to r fuel, one has to cons ider the following i so topes : 
­ Uranium: U235, U238 (U236 minor isotope) 
­ P lu tonium: Pu239, Pu240 (Pu238, Pu241 minor isotopes) . 
The mino r isotopes (U236, Pu238 and Pu241) can be usually neglected due 
to the i r much lower concentra t ions . 
Discr iminat ion against U238 can be obtained by i r r ad i a t i ng the sample in a 
field of neutrons with a spec t rum below the f ission th reshold of this isotope 
(E < 0. 8 MeV). Pu240 can be de te rmined by m e a s u r i n g the spontaneous 
fission neutron emiss ion ' . The remain ing two isotopes U235 and Pu239 
a r e de terminable from the p rompt and delayed fission neutron y ie lds . 
3. BASIC EQUATIONS 
- > 
The (U-Pu) sample is exposed to a neutron flux φ ( r , E ) which is genera­
ted by a neutron sou rce . Due to in te rac t ion with the sample ( sca t te r ing , ab ­
sorpt ion, production) the neutron flux is pe r tu rbed . 
<P 0 ( r ,E) - φ ( Γ , Ε ) 
The production (P.) of f iss ion neutrons from an isotope i of the sample amounts 
to: 
(1) P. = J i Ν(?).ν(Ε).σ£(Ε).φ(?/Ε)άΕ dV = (Nv 0f).<p. V 
V E 
with 
( l a) Φ 4 J i < P ( r , E ) d E d V 
V E v ' ; 
(lb) ( N v 0 f ) . - (vS f ) .= 
^ ¿ N(r).v(E). σ£(Ε).φ(Γ,Ε) dE dV 
Λ ƒ φ (Γ, E) dE dV 
V E 
If ε C?)· is the detection probabi l i ty of a f ission neutron emit ted by an i s o ­
tope i born in a volume e lement dV at r the de tec tor counting ra t e is given 
by the following express ion : 
(2) C.= / le(r)^(r)iV(E)ic£(E)iç(ílE)dEdV 
(2a) . = ε.(Ννσ,). φν 
1 f l x with 
(2b) 
4 {ε(?)ίΝ^)ΐν(Ε)ίσ£(Ε).φ(?,Ε) dE dV 
i " Γ ¿Ν(Γ).ν(Ε).σ£(Ε).φ(?,Ε) dE dV 
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The counting ra te of delayed neut rons ,C. 5 which are measured with a detection 
probabil i ty ε ( r ) .» i s : 
(3) Cd = J J ed(r).ß­.N(r) V(E) σ (Ε)φ (Γ,Ε) dE dV = 
V E T " 
= β. β . ( Ν ν σ , ) . φ . ν 
1 1 f 1 
w i t h f S e f (~r ) .N(?) V (E) σ (Ε) φ (P . E) dE dV 
d V Ε ε ι χ 1 * λ 
( 3 a ) &i ~ f f Ν ( Γ ) . ν ( Ε ) . σ £ ( Ε ) . φ ( Ϊ , Ε ) ά Ε dV 
(β . = delayed neutron fraction of fission neutrons from isotope i) 
The respec t ive counting ra t e s of fission neut rons emit ted by al l i sotopes 
a r e : 
(4) C= V c . = yei(Nvof).cp.V 
i i 
and 
(5) Cd=^Cd= £β?β.(Ννσ£).φ.ν 
In pr inciple it is possible to de termine exper imenta l ly C, C , φ (surface 
flux at the sample) V, β . and the detection probabi l i t ies ε . and ε . of neutrons 
r 1 1 1 
emit ted from the surface of the sample . On the con t ra ry , one can not m e a s u r e 
the flux dis tr ibut ion cp(r, E) , by a non des t ruct ive technique, inside the sample 
because it is depending on i ts nuclear composit ion. One can therefore only de ­
t e r m i n e from exper imenta l quantit ies averaged concentra t ions of max imum 
two isotopes weighted by not well known dis t r ibut ion functions of flux, fission 
c r o s s sect ion and detection probabi l i t i es . The si tuation may be improved e s ­
sential ly by establishing the following exper imenta l condit ions: 
(a) spec t rum of source neutron flux in the sample below fission threshold of 
U238 and other fast fission isotopes (sub MeV flux), 
(b) slight flux pe r tu rba t i on by the sample itself, 
- 8 -
(c) spat ia l uniformity of flux and detect ion p robab i l i t i e s . 
Under these conditions one m a y a s s u m e that f ission neutrons a r e produced 
uniformly throughout the sample by the sub-MeV source neut rons and that 
they a r e only slightly mul t ip l ied by secondary f i s s ions . If the contributions 
due to secondary fission and due to minor i sotopes (U236, Pu241 and Pu240) 
a r e neglected, one obtains the following equat ions: 
(6) C = C 5 + C 9 
(7) C d = C d + C d 
(8) C 5 = eN5(vo f)5<pV 
(9) C 9 = e N 9 (vo f ) 9 <pV 
(10) C d = e d . ß 5 (vo f ) 5 <pV N5 
(11) C d = e d . ß 9 ( v o f ) 9 <pV,N9 
with 
Ί β vy N(?)i (12) Ν = - / N ( r  dV V 
(13) φ = J φ(Ε) dE 
E 
ƒ v(E) o ( E ) m ( E ) d E 
f ! / φ ( Ε ) dE 
E 
resolving eq. (6), ( 7 ) , . . . , (11) i t follows: 
C - ε /ε" . C / β d 
(14) N . V = -*■ m A ( C ­ k 5 . C ) 
ç í v o J e e í 1 ­ ßc/ßQ ) Τ 5 * ν rS' r ψ. 
with 
(14a) 
φ ( ν σ £ ) 5 ( 1 ­ β 5 / β 9 ) ε 
(14b) k 5 « ε / ε ά . l / ß 9 
9 ­
(15) N 9 .V = C ^ e / e * . C d / ß s , , . B(c ­ k9Cd) 
φ ( ν σ £ ) 9 ε ( 1 - β 9 / β 5 ) 
with 
(15a) Β 
φ(νσ ί)9*(1-β9 /Ρ5) 
(15b) k9 = ε / ε ά . l / ß 5 
The four constants A, B, k , k can be determined by calibration measure-
5 9 
ments with samples of various concentrations of N_ and N„. 
5 9 
As concerns the contributions due to secondary fission and minor isotopes, 
they may be treated as second order effects theoretically. 
4. OPTIMIZATION STUDIES 
The goal of the optimization studies is to approach closely the assumption 
of the eq. (14) and (15) of the previous section. Moreover, the costs of a 
measurement should be minimized. The last condition can be subdivided into 
minimization of: 
- source neutrons costs, 
- apparatus costs, 
- operational costs, 
- and maximization of source neutron flux per unit source inside the 
sample. 
Obviously, the maximum source neutron flux in the sample is obtained by 
inserting the sample into a channel or chamber inside the neutron source it-
self. The choice of components of which the apparatus is built up, will be 
subjected to all the mentioned optimization cr i ter ia whenever possible. 
4. 1 Choice of Fuel Type 
The starting point of any optimization study is the definition of the geo-
metry- and isotopie composition-ranges of the fuel samples to be measured. 
- 10 
In the p resen t paper as an example of the proposed method, the m e a s u r e m e n t 
of fuel from the F rench fast b r e e d e r r e a c t o r RAPSODIE^ is cons idered . 
This case has been chosen because t he re is a l ready a cons iderable production 
of this fuel and a reques t of control i n s t r u m e n t s . Once the method has been 
fully tes ted , the m e a s u r e m e n t of other (Pu-U) fuel would be a lmos t a m a t t e r 
of designing a specia l appa ra tus . The geomet r ica l and isotopie data of the 
RAPSODIE fuel a re l i s ted in Table I. 
4 . 2 Choice of Neutron Source 
Most of the available neutron sou rces produce neut rons with energ ies 
above the fission th reshold of U238. In these cases the neutron spec t r a mus t 
be t r a n s f e r r e d into the sub-MeV region by a p rope r spec t rum shif ter . On the 
other s ide , the neutron energy should be higher than about 1 KeV because of 
the high absorpt ion c r o s s sect ion of the (U-Pu) sample in the sub-KeV region» 
which causes a significant self shielding. Extensive s tudies of such s p e c t r u m 
shif ters have been done by the LOS ALAMOS group of KEEPIN for a 14 MeV 
(9) 
and a f ission spec t rum source . The r e su l t s have shown that i t is quite p o s -
sible to shift about 85% of al l source neut rons below the U238 f ission t h r e s -
hold. Never the le s s , the remain ing 15% of source neu t rons , above the t h r e s -
hold, c r ea t e se r ious and quite unresolvable p rob lems for the analysis of the 
envisaged i r r ad ia t ion exper iment with a (U-Pu) s amp le . F o r these r e a s o n s , 
sources with spec t r a above the U238 fission th reshold have been ruled out. 
Among the sub-MeV neutron sou rces t he re a r e isotopie and acce l e r a to r 
s o u r c e s . The m o r e p rac t i ca l sou rces of this kind a r e s u m m a r i z e d in 
Table II. 
Isotopie sources have a g rea t advantage due to the stabil i ty of neutron 
emiss ion ra t e and spec t rum. No opera t ional staff is r equ i red and m e a s u r e -
ments can be easi ly fully automat ized. As concerns the neutron yield, a c c e -
l e r a t o r s a r e much m o r e powerfull . Moreover , a c c e l e r a t o r s have the advan-
tage of being va r i ab le , with r e spec t to neutron energy and yield. 
At p resen t , all types of a c c e l e r a t o r sub-MeV neutron sources a r e quite 
11 
cost ly . It s eems that MICROTRONS in connection with D­O t a rge t s have a 
ù 
good chance in the future, for being the m o s t adapted neutron s o u r c e s . I so to ­
Q 
pic ( a , n) sou rces with the r equ i red intensi ty (10 n / s ec ) a r e actually not 
available for var ious r e a s o n s . There is no hope that sources of m o r e than 
10 n / s e c will be produced in the nea r future for l e s s than $ 100, 000. ­ ­ . 
Sb­Be (γ , η) sources with a neutron output of about 10 n / s e c have a l ready 
been built in some labora tor ies . . The production of Sbl24 with the r equ i red 
intensi ty in an isotopes production r eac to r , is general ly quite expensive. 
Moreover , due to the reduced m a r k e t of such i t e m s , it is ha rd to get a good 
es t imat ion of i ts mean p r i c e . The pr ice we give in Table II i s based on an of­
fer from the r eac to r SORTN, located at SALUGGIA (7 MW Swimming Pool 
Reac tor , Owner: FIAT). Never the less , if one would verify an i n c r e a s e d de ­
mand, a significant drop of the p r ice might be expected. The main drawback 
of the Sb­Be source is the re la t ively shor t half­life which charges the u s e r s 
with the organizat ion of per iodic react ivat ion of the Sbl24. 
Taking into account all a spec t s , it is felt that the choice of the Sbl24­Be 
source is the mos t feasible solution at p re sen t . 
4. 3 Source­Sample Geometry 
The source sample geometry is chosen a s : 
(a) to approach as closely as possible the assumption of eq. (14) and (15), i . e . 
­ spat ial uniformity of source neutron flux, 
­ min imum of spec t rum per turba t ion by shielding m a t e r i a l s in the s u r ­
roundings; 
(b) to achieve max imum source neutron flux in the fuel sample . 
In genera l it is n e c e s s a r y to sur round the source by sh ie ld ing 'mate r ia l 
against γ ­ r a d i a t i o n , a s lead (Pb), tungsten (W) e tc . , and against neutron r a ­
diat ion,as paraffin e tc . (CH_) . 
r ' 2 η 
The schemat ic of an i r r ad ia t ion chamber consis t ing of an Sb­Be source , 
sur rounded by Pb and (CH ) is shown in Fig. 1. The source has the form of 
Cá **■ 
12 
a hollow cyl inder and the fuel sample is i n s e r t e d for i r r ad i a t i on into the cen­
t r a l channel of i t , where the neutron flux is spat ia l ly flat due to a uniform dis t r i ­
bution of γ - ac t iv i ty of the Sb-cyl inder . Obviously, this geomet ry is the opt i­
mum as concerns the flux level in the fuel s ample . In cases where the fuel 
pin is longer than the neutron sou rce , axial flux uniformity can be achieved 
by osci l la t ing the fuel rod or the sou rce . 
It i s c l ea r that the flux shape can be deformed considerably by the fuel s ample . 
In rad ia l d i rec t ion the re will be always a ce r t a in flux depress ion which depends 
s t rongly on the neutron spec t rum, the d i ame te r of the fuel rod and i ts a b s o r p ­
tion p r o p e r t i e s . Axial he terogenei ty of the fuel rod may cause a deformation 
of the axial flux shape . Obviously, the undes i red flux deformations a r e the 
s t ronger , the softer the neutron spec t rum and the bigger the d i ame te r of the 
fuel rod a r e . F r o m all those cons idera t ions we may immedia te ly conclude that 
the method is pa r t i cu la r ly adapted for sma l l d i ame te r fuel rods , i . e. fuel p ins . 
This case is especia l ly envisaged for applicat ion. 
4. 4 Neutron Spect rum Inside a Fuel P in During I r rad ia t ion 
The neutron spec t rum inside a fuel pin located in the cen t ra l channel of the 
neutron source was calculated by means of the Monte Car lo t r a n s p o r t theory 
(TIMOC code) . P a r t i c u l a r l y the influences of shielding m a t e r i a l s (Pb, CH ) 
c* 
have been invest igated. Resul t s of those calculat ions a r e s u m m a r i z e d in 
Table ΙΠ. 
The given geomet r ica l data re fe r to the scheme of fig. 1. 
The wall th ickness of the Sb-tube (0. 6 cm) is chosen as to achieve a specific 
activity of 15 Ci p e r cm length of tube after an i r r ad ia t ion t ime of 3 weeks in 
1 3 / 2 . 
a t h e r m a l neutron flux of 3x10 n / c m . s e c . (Routine run of the ISPRA-I 
r e a c t o r ) . Surrounding the Sb-tube by a Be- tube of 1.5 cm wall th ickness , the 
8 , 2 specific neutron source s t rength amounts to about 10 n / c m p e r cm length 
of the source cyl inder . The neutron flux in the cen t ra l channel of the source 
7 / 2 i s of about 5x10 n / c m . s e c . , which gives a sufficient fission ra te in the fuel 
rod . The boron tube around the fuel rod shields against modera ted neu t rons . 
13 
The r e su l t s of the spec t rum calculation can be s u m m a r i z e d as follows: 
- the unper turbed source neutron spec t rum (i. e. without any shielding around) 
l i es between about 1 KeV and the s tar t ing energy of26 KeV (slowing down due 
to bery l l ium) , 
- significant s p e c t r u m broadening appears if the source is sur rounded by 
dense hydrogeneous m a t e r i a l s at d is tances l e s s than about 10 cm from the 
sou rce , 
- lead around the source broadens the neutron spec t rum only slightly but 
r a i s e s the flux in the cen t ra l channel by a factor of about 2 due to neutron 
ref lect ion, 
- i nc reas ing the wall thickness of the Be- tube produces spec t rum broadening 
and a d e c r e a s e of flux pe r unit source . 
Taking into account the shielding requ i rement s we may draw from these 
r e su l t s the following conclusions: 
- the neutron source should be sur rounded by success ive l aye r s of lead (Pb) 
(or other heavy ma te r i a l s ) and paraffine (CH ) . The distance between 
source surface and hydrogeneous m a t e r i a l s should be g r e a t e r than 10 cm. 
In the following chapters we consider always a P b - l a y e r of 20 cm thickness 
followed by a (CH ) l ayer of 10 cm th ickness . 
4. 5 Flux Per tu rba t ion Due to the Fuel Sample 
Inser t ion of a fuel sample into the source channel causes per turba t ions 
of the neutron spec t rum due to sca t te r ing absorpt ion and production of neu-
t r o n s . Obviously, the per turbat ion i n c r e a s e s with the m a s s of fuel m a t e r i a l 
i n se r t ed . Two ex t reme cases of a RAPSODIE fuel were invest igated: 
1. fuel pin of 0. 7 cm d iamete r , 
2. fuel rod of 6 cm d iamete r (equivalent to a fuel e lement bundle of 73 fuel 
pins) 
The r e su l t s of the spec t rum calculations a r e shown in fig. 2. In fig. 3 
­ 14 
and fig. 4 the radia l flux dis t r ibut ions a r e plotted in a two­group r e p r e s e n t a ­
tion (0, : E > 0 .8 MeV, 0., : E < 0. 8 MeV, 0 = 0. + 0O). 
I n ¿ n 1 ¿ 
The r e su l t s a r e s u m m a r i z e d as follows: 
(a) inse r t ion of a sma l l d i ame te r fuel pin (d = 0. 7 cm) pe r tu rbs the neutron 
spec t rum very l i t t le . The r a d i a l flux dis t r ibut ion is r a the r flat. 
(b) inse r t ion of a big d i ame te r fuel rod (d = 6 cm) causes s t rong spec t r a l p e r ­
turbat ion due to absorpt ion of source neut rons and high fission neutron 
production. The depress ion of the sub­MeV neutron flux (ff Ιφ , ) 
average surface 
is about 0. 9 and of the above MeV flux about 1.2. 
5. DETECTION OF FISSION NEUTRONS 
The detection sys tem has to m e a s u r e : 
1. f ission neutrons during i r r ad i a t i on with source neut rons , 
2. delayed neutrons from neutron induced fission, 
3. spontaneous fission neu t rons . 
According to the assumpt ion of sect ion 3, the detection probabi l i t ies of 
neutrons within the th ree ca tegor ies should be independent of the emiss ion 
point and the emi t t e r itself. 
These r equ i remen t s have a geometr ical and a spec t r a l aspec t . F r o m geo­
m e t r i c a l point of view, the p rob lem can be reso lved quite easi ly by e s t a ­
blishing a so­ca l led "good geomet ry" (each volume element of the fuel sample 
sees the detector under the same solid angle). The spec t r a l aspect means 
that a neutron detector response general ly depends on the neutron energy 
spec t rum, which is affected by the m a t e r i a l to be passed through by the 
neutrons before reaching the de tec tor . A "good spec t rum" is obtained if the 
average spec t rum of fission neutrons at the de tec tor location does not depend 
on the emiss ion point. 
This condition can be verif ied by placing heavy sca t te r ing m a t e r i a l (Pb, 
W) between the fuel sample and the detector in such a manne r that the neu­
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t ron spec t rum at the detector posit ion is essent ia l ly de te rmined by the s c a t ­
t e r e r . As concerns the p r i m a r y fission neutron spec t rum, one has to con­
s ide r p rompt and delayed neu t rons . As far as known, no measu rab l e differ­
ence exis ts in prompt neutron spec t r a of al l f issionable isotopes (spontaneous 
o r neut ron induced fissions)¿ · Delayed neutron spec t r a show significant differ­
ences from isotope to isotope but in the case of in t e re s t , i . e . U235 and 
Pu239, the differences a r e very sma l l . 
5. 1 Detect ion of F i s s ion Neutrons During I r rad ia t ion 
During i r r ad ia t ion of the fuel sample the de tec tor is i m m e r s e d in a field 
of a l l kinds of f ission neutrons and in addition of neutrons and γ ­ r a y s from 
the s o u r c e . The detector mus t be able to d i sc r imina te against the source 
neut rons and γ ­ r a y s . It should further be sufficiently sensi t ive for the f ission 
neutrons and convenient in operat ion. Taking account of these r e q u i r e m e n t s , 
we cons ider He3 (η, ρ )H3 and proton and He4 recoi l propor t ional counters in 
connection with pulse height d iscr iminat ion . 
P r o p e r t i e s of these de tec tors a r e given in Table IV. Ca re mus t be taken for 
a p rope r at tenuation of the low energy neutron and γ ­ f luxes at the counter po­
si t ion. This can be achieved by shielding the counter by tungsten (W), which 
has a ve ry s t rong γ ­ r a y attenuation and m o r e o v e r s t rong neutron resonance 
absorpt ion in the sub­KeV region. Boron carbide (B C) should be used fur ther 
for at tenuation of (eV)­neutrons . 
5. 2 Detection of Delayed Neutrons 
Delayed neut rons can be easi ly m e a s u r e d after switching off the neutron 
s o u r c e . The pe r s i s t ing neutron flux is composed of delayed neut rons , sponta­
neous f ission neutrons and neutrons from (α ,η ) r eac t ions . Because of the 
s t rong d e c r e a s e of the pe r s i s t ing neutron flux, the fuel sample should be 
t r a n s f e r r e d immedia te ly after the i r rad ia t ion into a high efficiency neutron 
Counter a s sembly . This a ssembly is usually built up from He3 or BF3 coun­
t e r s which a r e embedded in a neutron mode ra to r (4 π counter) . It can be con­
s t ruc ted in such a manner that it is especial ly highly sensi t ive for delayed 
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neutrons which have an average neutron energy of about 0. 5 MeV and less 
sensitivity for the spontaneous fission neutrons and neutrons from (a»n) reac­
tions which have a much higher mean energy. Separation of delayed neutrons 
is easily obtainable due to their time behaviour (decay). 
5. 3 Detection of Spontaneous Fission Neutrons 
After the complete decay of the delayed neutrons, only spontaneous fission 
neutrons and neutrons from (α,η) reactions remain and can be measured with 
the same counter. Due to the multiple neutron:; emission by spontaneous fis­
sion events, the detector signals exhibit a certain time correlation which can 
be used for the discrimination against neutrons from single neutron emission 
(7) 
events ((a»n) reactions) . 
6. CONCLUSION 
The optimization studies theoretically demonstrate the feasibility of the 
proposed method. It is clear, however, that in principle one can falsificate 
a measurement for instance by heterogeneous distribution of fissile material 
and addition of a moderator in such a manner that the weight of the rod and the 
neutronic signal will correspond to a calibration slandardof the same shape 
but with a different fissile material content. 
If the measurement should be tamperproof,as required for control purposes, 
only small diameter fuel pins must be regarded where falsification of any kind 
is very unlikely, contrary to big size samples. If, however, problems of tam-
perproofness are unimportant, as in cases of quality control of a fabrication 
plant, or a power reactor station, the method should be applicable too for fuel 
elements (equivalent to big diameter rod). The sensitivity and accuracy of a 
measurement depend on many experimental factors and must therefore be de­
termined experimentally. An estimation will be given in connection with the 
description of an apparatus in the following section. 
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7. APPARATUS 
The lay out of the apparatus is generally based on the results of the p re -
ceding theoretical studies. Its main purpose is to demonstrate experimen-
tally the feasibility of the method. The guide lines of the technical design 
are simplicity and flexibility. The whole apparatus might be subdivided in 
three main units: irradiation chamber with detection system for fission 
neutrons; high efficiency counter for delayed neutrons and spontaneous fission 
neutrons measurement; pneumatic system for switching on and off the (Sb-Be) 
neutron source,movement of the Be-cylinder and fuel pin transfer. 
The irradiation chamber serves for two purposes : it is used as lead castle 
for the transport and storage of the Sbl24 source and for the irradiation of 
the fuel pins. Mounting and dismounting of the three units can be performed 
rather easily and remotely in order to minimize radiation hazards. A semi-
schematic view of the mechanical part of the apparatus is shown in fig. 5. 
The functioning of this apparatus can be easily understood from the des-
cription of the measuring cycle which is the following: 
1. insertion of the fuel pin into the irradiation chamber, 
2. switching on of neutron source by drive-in of Be-cylinder, 
3. measurement of fission neutrons by a biased He3 (or proton or helium r e -
coil) proportional counter (5 min. ), 
4. shooting out of Be-cylinder for switching off the neutron source and rapid 
transfer of fuel pin into the high efficiency counter for measurement of 
delayed and spontaneous fission neutrons (10 min.) . 
For the automatic control and performance of the measurements, conven-
tional electronics can be utilized. 
The most interesting characteristical data, calculated by the TIMOC code 
(10) are listed below : 
- neutron source strength: 2. 10 n / s e c . 
6 ? 
- neutron flux in the fuel pin: <Pl(E > 0. 8 MeV)=2.0 . 10 n/cm , 
sec 
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φ (E < 0 .8 MeV) = 5. 6 . 10? ¿ η / 2 
n / ç m . s ec . 
­ production of neutrons pe r unit volume of 
fuel pin: 
isotope p rompt neut rons delayed neutrons in equi l ibr ium 
U235 4.5.0.10 n / c m . s e c . 2 .84 .10 n / c m . s e c . 
Ú238 1.85. 10 4 " 2 . 9 6 . 1 0 2 " 
6 3 
Pu239 1.93.10 " 4 . 0 4 . 1 0 " 
Pu240 1.34.10 " 3 .50 .10 " 
4 
­ f ission neutron flux in the counter channel: φ (E > 0 .4 MeV) = 1.48 ^ 10 
η ι di 
n / c m . s e c . 
The accuracy of the m e a s u r e m e n t s i s e s t ima ted on the following a s s u m p ­
t ions . 
Using four He3 counters of 2. 5 cm d i ame te r and 50 cm length with 6 a tm of 
p r e s s u r e as fission neutron detec tor (bias ­ 0. 5 MeV), the total counting ra te ­5 amounts to 600 cps cor responding to a counting efficiency of 2. 5 . 10 
In pr inciple it would be poss ib le to r a i s e considerably the counting ra te by 
increas ing the He3 p r e s s u r e , but as the r a t e of sub­ th resho ld pulses will 
be a lmost 100 t imes h igher , s e r ious p rob lems of pulse p i le ­up will a r i s e . 
No difficulties a r e expected from the γ ­ r a d i a t i o n due to the effective shie ld­
ing by the tungsten s lab . A s i m i l a r f ission neutron counting ra te can be a­
chieved with a proton recoi l counter of 5 cm d i ame te r and 50 cm length filled 
with 1 a tm of HI . In this case p rob lems of pulse p i le­up due to s u b ­ t h r e s ­
hold neutrons a re very reduced but this advantage is par t i a l ly nullified by 
Y­pulse p i le ­up p rob l ems . Using a 2 a tm filling of HI the counting ra te of f i s ­
_5 
sion neutrons amounts to about 1200 cps (ε ~ 5. 10 ). The counting efficien­
cy can be st i l l i n c r ea sed by a high p r e s s u r e He4 recoi l counter . The advan­
tages of a He4 recoi l counter with r e spec t to a proton recoi l counter a r e the 
higher sca t t e r ing c r o s s sect ion and the s t rong forward peaking of He4 reco i l s 
for MeV neutrons ( resonance of 7 ba rn at 1 MeV). These fea tures r esu l t in 
a high counting efficiency of fission neutrons and a very s t rong d i sc r imina t ion 
of sub­MeV neu t rons . A disadvantage is the s m a l l e r neutron energy t r a n s f e r . 
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It i s fo reseen to invest igate exper imental ly all these counter types (He3, p r o ­
ton and He4 recoil) in o r d e r to find out the best solution. F r o m the e s t i m a ­
tion i t is thought that it will be possible to m e a s u r e the ra te of f ission neu­
t rons with a s t a t i s t i ca l accuracy of 0. 3% within 5 min . of counting t i m e . 
The delayed neutrons a r e m e a s u r e d with an efficiency (ε ) of 0. 3.,. Assuming 
a delay t ime of 0. 5 sec between the end of i r r ad ia t ion and the s t a r t of m e a s u r e ­
ment and a counting t ime of 5 m i n . , the total count of delayed neutrons amounts 
5 to 5. 10 . 
The spontaneous fission neut rons a r e counted with an efficiency of about 
4 
0. 2 cor responding to a counting ra te of 320 cps and a total of 9. 6 . 10 counts 
during the 5 min . m e a s u r i n g t i m e . The s ta t i s t i ca l accuracy of the delayed 
neut ron m e a s u r e m e n t amounts the re fore to about 0 .2%. Under these condi­
t ions the s t a t i s t i ca l e r r o r of the concentrat ions of U235 and Pu239 becomes 
0. 5% and 1.7% respec t ive ly , according to eq. 1 and 13. The uncer ta int ies 
due to the ca l ibra t ion should be of the same o r d e r of magnitude. Thus, the 
overa l l a ccu racy is es t imated to be about +1 % for Ν and + 3. 5% for Ν . 
(6) F r o m the coincidence analysis of the pulses after the decay of delayed 
neu t rons , the concentra t ion of Pu240 can be de termined with a s ta t i s t ica l a c ­
curacy of + 3% within a 5 min . measu r ing t ime . A further information on the 
concentra t ion of Pu239 can be obtained from the m e a s u r e m e n t of the γ - r a y s 
emit ted by this i sotope. 
Combining all m e a s u r e m e n t s of Pu- i so topes it seems possible to de te r ­
mine the concentra t ion of Pu239 with an accuracy of + 2%. 
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TABLE 1 - CHARACTERISTICS OF RAPSODIE FUEL 
Mass and isotopie compos i t ions : 
PuO in (U, Pu) O 25. 91 % 
Pu239 89 .0% 
Pu240 9 .7% 
Pu241 1.2% 
Pu242 0.07% 
U234 
U235 
U236 
U238 
0 . 3 7 % 
60 . 15% 
0 . 3 1 % 
3 9 . 1 7 % 
Geomet r ica l data: 
pe l le t s ; 
pin ; 
bundle; 
r e a l density 
d i ame te r 
height 
total length 
active length 
cladding OD 
ID 
to ta l m a s s of oxide 
geomet r i ca l shape: 
number of fuel pins: 
10. 6 g r / c m 
5. 57 m m 
10. 0 m m 
485 m m 
340 m m 
6. 70 m m 
5. 80 m m 
87 .3 gr 
hexagonal 
37 
SS 316L or 
Z3 CND 18-12 
TABLE II - ISOTOPIC AND ACCELERATORS SUB MeV NEUTRON SOURCES 
A c c e l e r a t o r Sources 
C h a r a c t e r i s t i c s 
I 
Energy (MeV) : 
I e -beam c u r r e n t : 
puls e length : 
repe t i t ion r a t e : 
P r i c e 
Maintenance cos ts 
P e r i p h e r i c a ! s u p ­
por t equipment 
Staff 
E a s e of opera t ion 
Por tab i l i ty 
n - s p e c t r u m s t ab i ­
l i ty 
Flexibi l i ty 
Reliabi l i ty 
_ _ — — — — — — — — — 
Micro t ron Van de Graaf 
4-8 1 2-3 
I 
50-200 mA(p) 
2 μ3εο 
1 m A 
pulsed or 
continuous 
~8" 100,000 j~# 150,000 
~S7y 15,000 j~#/y 20,000 
S-S" 50,000 
1 t echn /+mn i 1 t echn /+mn 
yes no 
> I I I I 
i 
good good 
applicable fori var iab le n -
; γ - η i n t e r r o - : s p e c t r a and 
gation with va - in tens i t ies 
! r i ab le spect ra ; 
and in tens i t ies 
high \ med ium 
Lineac 
4 - 8 
50-200 mA(q) 
2 μ.ββΰ 
«Γ 200 
~S" 150,000 
*#/y 20, 000 
~$ 20,000 
1 t echn /+mn 
y e s 
II 
good 
as m i c r o t r o n 
high 
1 
Isotopie Sources 
Sb l24-Be 
React ion γ - η 
E m i t t e r Sb l24 
Τ 1/2 60 .9 d 
η -ene rgy 0. 026 
MeV 
< S" 2,000 
-
act ivat ion for 
300 Ci # 600 
-
y e s 
II 
perfect 
l imi ted v a r i a ­
tion of n - s p e c -
t r u m and in ten­
sity 
perfec t 
Po210-Li7 
α - n 
Po210 
138.5 d 
< 1 MeV 
_ 
' 
-
-
y e s 
II 
perfect 
no 
perfect 
Am241-Li7 
α - n 
Am241 
462 y 
< 1 MeV 
-
-
-
-
y e s 
II 
perfec t 
no 
perfec t 
continued TABLE II 
Acce l e r a to r Sources 
C h a r a c t e r i s t i c s 
F a c t o r of charge 
Max. n-output 
Shielding 
Micro t ron 
~80% 
xo1 3 / io1 4 
(γ -n ;pulsed 
operat ion) 
compact 
Van de r Graaf 
~ 60% 
~ 1 0 U [ 4 7 ( p , n ) ; 
T(p,n)] 
bulky 
Lineac 
~ 80% 
i o 1 3 / i o 1 4 
(γ -η ; pulsed 
operat ion) 
bulky 
Isotopie 
Sb l24-Be 
100% 
~6. 10 n / s e c / 
C i 
compact 
Sources 
Po210-Li7 
100% 
5 
1.7 . 10 n / s e c / 
C i 
compact 
Am241-Li7 
100% 
4 
4 .10 n / s e c / 
C i 
compact 
CO 
oo 
TABLE I I I ­ NEUTRON SPECTRUM φ(Ε) INSIDE A NEUTRON­IRRADIATED (U­Pu)O F U E L PIN, FOR 
C* 
GEOMETRY SEE FIG. 1 
E n [KeV] 
0 ­ . 0 0 0 0 2 5 
25 ­ .000215 
215 ­ .000465 
465 ­ .00100 
100 ­ .00215 
215 ­ .00465 
465 ­ .0100 
100 ­ .0215 
215 ­ . 0465 
465 ­ .100 
100 ­ . 215 
. 2 1 5 ­ . 465 
. 465 ­ 1.00 
1.00 ­ 2. 15 
2 .15 ­ 4 . 6 5 
4 . 6 5 ­ 1 0 . 0 
10.0 ­ 21 .5 
21 .5 ­ 4 6 . 5 
46. 5 ­ 100. 
100. ­ 200. 
200. ­ 400. 
400. ­ 800. 
800. ­ 1400. 
1400. ­ 2500. 
2500. ­ 4000. 
4000. ­ 6500. 
6500. ­ 10500. 
<f )(E) [ 1 0 ' ° ne! / 2 i t r o n / c m . s e c J p e r sou rce neutron 
1 cm Be 
0 cm void 
_ 
-
-
2920. 
993. 
893. 
986. 
-
69.9 
432. 
207. 
71 .5 
79. 1 
19 .8 
27 .6 
27 .6 
49 .2 
24 .7 
.0867 
.00139 
.0698 
.0690 
.0251 
. 0344 
.0182 
.00363 
.00027 
10 c m void 
_ 
-
-
2160. 
-
-
22 .3 
-
-
6.63 
1.54 
2.86 
8.69 
21 .9 
45,_6 
24.2 
.0236 
,00137 
.0143 
.0313 
.0183 
.0242 
.00726 
.00099 
.00012 
20 cm void 
_ 
-
-
-
-
-
-
-
-
-
-
1.98 
1.61 
3.09 
7.49 
22 .1 
[46.4 
24 .9 
.0239 
.00106 
¡ .0309 
.0247 
.0178 
ι .0177 
1 .0110 
Í .00432 
.00021 
40 cm void 
_ 
-
-
-
-
-
-
-
-
-
-
-
1.61 
2 .94 
8 .05 
21 .9 
45 .6 
24. 5 
.0237 
.00094 
.0204 
.0221 
.0236 
.0188 
.00725 
.00121 
.0012 
20 cm Pb 
mm 
-
-
-
-
-
12.9 
-
-
-
-
4 .62 
33.2 
35 .5 
57 .3 
70 .5 
95 .7 
34 .9 
.0622 
-
-
. . 163 
.0601 
.0444 
.0209 
.0123 
.00642 
3 cm Be 
20 cm P b 
. 
_ 
3460. 
- · 
347. 
-
-
-
43 .8 
347. 
248. 
109. 
196. 
173. 
84.0 
60 .1 
35 .5 
7 .95 
.0398 
.0420 
.0944 
.0297 
.0255 
.0127 
.00212 
.00152 
Σ (EÍcm" 1 ] 
a. 
_ 
— 
2 .48 
_ 
.368 
2 .48 
_ 
1.53 
1.32 
.687 
.431 
.283 
.173 
.126 
.0965 
.0763 
.0583 
.0439 ' _ 
.0347 
.0290 
.0261 
.0269 
.0300 
.0300 
.0314 
.0500 
to 
TABLE IV ­ PROPERTIES OF He3, PROTON AND He4 RECOIL COUNTERS 
R E A C T I O N 
H e 3 
HI 
He 4 
H e 3 ( n , p ) H 3 , Q=0. 764 
(n, p) s c a t t e r i n g s p h e ­
r i c a l s y m m e t r y up to 
E =14MeV n 
( n , H e 4 ) s c a t t e r i n g 
CROSS S E C T I O N 
i in ba rnsV 
n e u t r o n e n e r g y 
0 . 0 2 5 eV 
5 .040 
5 . 4 4 1 
" ■ 
0. 5 MeV 
0 . 7 4 
0 . 9 1 
6 . 5 
1 M e V 
0 . 7 2 
0 . 8 1 
4 . 5 
2 MeV 
0 . 7 2 
0 . 8 2 
3 
1 .4 6 4 
s t r o n g f o r w a r d p e a k i n g of H e 4 
r e c o i l s 
r e s o n a n c e a t ~ 1 M e V r a p i d l y d e ­
c r e a s i n g b e l o w t h i s e n e r g y . 
E N E R G Y O F E M I T T E D P A R T I C L E S 
(in MeV) 
n e u t r o n e n e r g y : 
α 025 eV 
H I 
H3 
0. 573 
0 . 1 9 1 
0 . 7 6 4 
— 
0. 5 MeV 
0 . 9 4 8 
0 .316 . 
1 .264 
«SO. 5 
.< 0. 32 
1 M e V 
1. 323 
0 . 4 4 1 
1 .764 
« U . 0 0 
< 0 . 64 
2 MeV 
2 . 0 7 3 
0 . 6 9 1 ' 
2 . 7 6 4 
^ 2 . 00 
* a . 2 8 
to 
Ol 
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Apparatus for measuring induced and 
spontaneous fission neutrons of (Pu-U 
fuel pins 
Fig- 5 
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| To disseminate knowledge is to disseminate prosperity — I mean 
| general prosperity and not individual riches — and with prosperity 
| disappears the greater part of the evil which is our 
: darker times. 
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